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APPARATUS FOR COATING SUBSTRATES USING
A MICROWAVE ECR PLASMA SOURCE

This is a continuation-in-part of application Ser. No.
661,218filed Feb. 27, 1991.

BACKGROUND OF THE INVENTION

The present invention relates to a2 method and an
apparatus for providing layers on the surfaces of work-
pieces, such as spotlight reflector inserts formed of
plastic.

To coat a workpiece, such as a front surface mirror of
a spotlight reflector insert, a vacuum chamber can be
operated as a batching system, and a Plasma Chemical
Vapor Deposition (PCVD) coating process, having a
microwave Electron Cyclotron Resonance (ECR)
plasma coating source, is used to coat the workpiece.
The workpieces to be coated are secured to a rotary
cage within the vacuum chamber. The rotary cage is
conducted past the coating source with a frequency and
phase-matched planetary motion.

German Patent DE 37 05 666 discusses an apparatus
for producing a plasma and treating workpieces therein.
A coating process used to coat a substrate, such as a
band-shaped workpiece, is performed with the assist-
ance of a microwave ECR plasma coating source.

German Patent DE 37 31 686 discusses a method and
apparatus for depositing a corrosion-resistant layer onto
the surfaces of lacquer-coated workpieces. A layer sys-
tem 1s deposited onto the workpieces in a vacuum
chamber with the assistance of a glow cathode and an
evaporator.

In the above-discussed methods, the anti-corrosive
layers are composed of a dielectric, or substantially
dielectric material. Above thicknesses of approximately
100-200 nm, these layers are good insulators.

Traditional systems for applying protective coating
layers to motor vehicle reflectors are operated using
DC-PCVD technology. In using these systems, how-
ever, steadily growing layers form on the electrodes
during the coating process. These layers reach a critical
thickness for electrical conductivity within a short per-
iod of time, and thereafter, function as insulators. As a
result of this layer growth, a glow discharge cannot be
maintained to produce corrosion-resistant layers in a
system operated with DC voltage. Further, as a result
of the layer build-up, the electrodes must be cleaned, by
flooding the process chamber, after each batch. How-
ever, flooding the process chamber is always accompa-
nied by an enormous generation of fine dust particles,
making it necessary to perform an involved cleaning of
the entire process chamber. Thus, operation of a DC-
PCVD system is extremely personnel intensive and
cost-intensive. Further, DC-PCVD technology lacks
in-line capabilities, as it has a limited attainable pressure
range of a few mbars, and requires repeated cleaning of
the process chamber.

One disadvantage of the DC-PCVD coating process
is that the process cannot reliably manufacture layers
exceeding approximately 100 nm. The DC glow dis-
charge used in a DC-PCVD process is operated at a
pressure range of a few mbars. Plasma flow at this pres-
sure is highly viscous and turbulent, and thus, neither
manageable nor controllable. As a result, it is difficult to
provide a uniformly thick layer distribution within the
operable pressure range.
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A significant disadvantage of the DC-PCVD method
is that the pre-lacquering layer has a lifetime of only a
few hours, and thus, workpieces, such as base members
of reflectors, that have been aluminized in one step will
not adhere well to a subsequently applied protective-
coating layer. Therefore, the workpieces must be fur-
ther-processed shortly after applying the pre-lacquering
layer. Because of the time dependence between the
production steps of pre-lacquering and vacuum coating,
storage between these steps is impossible.

SUMMARY OF THE INVENTION

‘The present invention provides an apparatus and a
method for depositing dielectric layers of an arbitrary
thickness onto a workpiece in a continuous, cost-benefi-
cial operation. The apparatus and method result in lay-
ers having improved corrosion-resistance and smearing
characteristics over layers produced by a DC-PCVD
method.

To this end, the apparatus of the present invention
allows for the production of layers of arbitrary thick-
ness on a surface of a workpiece to be operated as a
batch system using a plasma chemical vapor deposition
coating process by providing a vacuum chamber, a
rotary cage arranged in the vacuum chamber, such that
the rotary cage is capable of rotation with a frequency
and phase-matched planetary motion, and coating
means for coating workpieces secured to the rotary
cage, the coating means having a microwave ECR
plasma coating source, including a microwave field
operated at a frequency of 2.45 GHz.

The present invention also provides a method for
depositing layers of an arbitrary thickness on a surface
of a workpiece to be operated as a batch system using a
plasma chemical vapor deposition process. The method
includes coating the workpiece by a coating process
under plasma at pressures below 2X 10—2 mbar.

The microwave ECR plasma coating source can be
used in an in-line system.

In an embodiment, the microwave ECR plasma coat-
Ing source includes a microwave transmitter for gener-
ating the plasma, which can be used in either a pulsed or
a continuous mode.

In a preferred embodiment, the microwave field is
operated at a frequency of 245 GHz, and a high-
vacuum pump, that can include a controllable valve for
selectively varying the pumping capacity of the high-
vacuum pump, is connected to the vacuum chamber.
Preferably, the controllable valve precedes the high-
vacuum pump.

In an embodiment, a number of heated gas distribu-
tion conduits for carrying process gasses are mounted
between a number of free magnet poles in the vacuum
chamber.

In another embodiment, a bias voltage is supplied to

the workpiece via the rotary cage insulated vis-a-vis
ground.

In an embodiment of the method of the invention, the
workpiece 1S pre-treated in a plasma-assisted CF4/02
gas atmosphere. The surface of the workpiece can De
modified with 0-containing plasma and N-containing
plasmas.

In an embodiment, a leveling layer is applied to the
workpiece. The leveling layer can include a SiCO layer.
Further, an adhesion promoting layer can be applied to
the workpiece 1n the presence of a gas atmosphere con-
taining S1C or SiCO. A protective layer of SiC or SiCO
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can be applied to the workpiece. The SiC layer can be
fluoridated.

In another embodiment, an aluminum layer 1s superfi-
cially oxidized with plasma in an Oj-containing process
atmosphere. Either a S1C or a S1CO protective coating
layer can be superficially oxidized in the vacuum cham-
ber.

In yet another embodiment, a silicate layer or crystal
layer is applied to the workpiece in the presence of
water, the silicate or crystal layer serving as a top layer.

In a preferred embodiment, mixing metals in the at-
mosphere contained in the vacuum chamber has a cata-
lytic effect on the PCVD process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a side view of an embodiment of the appara-
tus for coating workpieces including a sectional view of
a cylindrical vacuum chamber.

FIG. 2 is top view of the apparatus illustrating a
sectional view of a portion of a rotary cage within the
cylindrical vacuum chamber.

FIG. 3 is a perspective view of a portion of the rota-
tory cage and a horn antenna. |

FIG. 4 is both a cross-sectional view and a longitudi-
nal cross-sectional view of the apparatus, having a
plasma source arranged in an axial direction.

FIG. 5 is a cross-sectional view of the apparatus hav-
ing plasma sources arranged in an azimuthal direction.

FIG. 6 is diagraminatic figure illustrating a represen-
tation of the values needed to calculate the angular
velocities around both the central axis and the planetary
axis of the rotary cage.

FIG. 7 is a sectional view of the vacuum chamber
illustrating the arrangement of the gas distribution con-
duits therein.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

The present invention provides a method and appara-
tus for manufacturing layers on the surfaces of work-
pieces. Pursuant to the method, a vacuum chamber 1s
provided that can be operated as a batch system with a
PCVD coating process, wherein a microwave ECR
plasma coating source is used, and the workpieces to be
coated are secured to a rotary cage located in the vac-
uum chamber.

Referring to FIG. 1, as illustrated, a microwave
source 2, a waveguide 3, and a horn antenna 4 are dis-
posed perpendicularly to a central longitudinal axis of a
cylindrical vacuum chamber 1, and attached along the
cylindrical portion thereof, with the vacuum chamber 1
being disposed horizontally with respect to a supporting
planar surface. A distributor box § and a high-vacuum
pump 6 are connected to the vacuum chamber 1 on the
side opposite of the microwave source 2, the waveguide
3, and the horm antenna 4. An evaporator bank 7 1s
secured centrally and axially in the vacuum chamber 1.

The rotary cage 8 is provided for receiving work-
pieces 9, 9', 9", etc. that are secured at the perimeter,
and over the entire length of the rotary cage 8 by a
number of holding members 15, 15, 15", etc. (FIG. 4).
The rotary cage 8 moves through a plasma 10 that 1s
stationarily generated in the vacuum chamber 1. The
plasma is co-axially arranged around the evaporator
bank 7.

Referring now to FIG. 2, two microwave sources 2,
2" and waveguides 3, 3’ are provided in the vacuum
chamber 1. The distributor box 5 1s centrally connected
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along the length of the vacuum chamber 1 to allow for
a spatially distributed pumping capacity of the high-
vacuum pump 6. The workpieces 9, 9', 9”, etc. to be
coated are arranged at the circumference and over the
entire length of the rotary cage 8.

As illustrated in FIG. 3, the horn antenna 4, includes
a large aperture and a small aperture, and terminates in
a crystal window 11 at the large aperture. A magnet
system 12, 12’ follows the crystal window. The central
longitudinal axis of the horn antenna 4 1s aligned to form
a right angle with the surface of the rotary cage 8 on
which the workpieces 9, 9', 9", etc. are secured.

FIG. 4 is an exemplary embodiment of the apparatus
of the invention, wherein a microwave source 2", hav-
ing its end face arranged at the vacuum chamber 1, is
connected to a microwave waveguide 3”. The wave-
guide 3’ 1s further connected t0 a microwave antenna
structure 13, that extends axially from the vacuum
chamber 1. Reoccurring coupling elements 14, 14’ (il-
lustrated in FIG. 5) are provided by the microwave
antenna structure 13. The microwave antenna structure
13 is placed paraliel to, and below, the evaporator bank
7. The rotary cage 8 is rotatably seated in a direction A
about the central longitudinal axis of the vacuum or
process chamber 1. A plurality of holding members 15,
15, etc. are disposed along the perimeter of the cage 8
in a planetary arrangement. The holding members 15,
15’, etc. secure the workpieces 9, 9', etc. and rotate in
moving direction B about a rotational axis that co-
rotates with the rotary cage 8.

FIG. 5 is another exemplary embodiment of the appa-
ratus of the invention having, a number of magnetrons,
or microwave sources, 2, 2’, etc. azimuthally distrib-
uted, and secured to the vacuum chamber 1. A micro-
wave antenna structure 16, is provided with a plurality
of coupling elements 14, 14', etc. that are arranged coax-
ially relative to the rotary cage 8, and between the
rotary cage 8 and the wall of the vacuum chamber 1.

FIG. 6 illustrates the requisite dimensions, R, X, b,
for calculating the angular velocities about the central
axis of the chamber. The angular velocity vector about
the central axis of the chamber Wp rotates in an oppo-
site direction to the angular velocity vector about the
inherent planetary axis Wg.

As illustrated in FIG. 7, four gas distribution conduits
17, 17', etc. are provided with repeating bores 18, 18,
etc. for supplying process gas into the chamber. The gas
distribution conduits 17, 17’ are secured between the
free magnet poles 19, 19'. A second process gas 1S 1ntro-
duced into the vacuum chamber 1 with the gas distribu-
tion conduits 17", 17'", etc. arranged in the proximity of
the magnet poles 19, 19'.

In a preferred embodiment of the apparatus of the
invention, 2 microwave ECR plasma source 2, 2' (as
illustrated in FIG. 2) is used. The energy from a 1 MHz
to 2.45 GHz microwave field is used to generate a
plasma 10 (as illustrated in FIG. 1) for maintaining a
glow discharge. The microwaves are generated in a
conventional magnetron 2, 2’ and are supplied via a
waveguide 3 into an antenna 4, such as a horn antenna
(as 1llustrated in FIG. 1).

The antenna 4 contemporaneously assumes the func-
tion of a high-vacuum-tight seal for the wavegumde
region 3 from the interior of the evacuated process
chamber 1 to which it is flanged, as illustrated in FIGS.
1 and 2. At a side of the antenna 4 that is adjacent to the
vacuum chamber 1, the antenna 4 is framed by an annu-
lar magnetic yoke 12, 12’. The voke is equipped with



5,378,284

5

permanent magnets 19, 19°. The magnet system 12, 12’
generates a self-contained, tunnel-shaped magnetic
field. The magnitude of the magnetic field satisfies the
electro-cyclotron resonant condition for the microwave
frequency used in a certain region between the free pole 3
surfaces of the magnets 19, 19'. As a result of the reso-
nant effect, the energy transmission from the micro-
wave source 2, 2’ to the electrons contained in the
plasma 10 is intensified. The microwave generated
plasma source 2, 2’ has an extremely high reactivity
with the heavy particles compared to DC or RF-
generated plasma.

Not only does the resonant effect generated by the
magnetic field improve the reactivity with the plasma
10 (as illustrated in FIG. 1), but also the magnetic field 1’
reduces containment losses, as a result of the diffusion of
the charge carriers. Further, the magnetic field im-
proves the uniformity of the glow discharge along the
longitudinal axis of the magnetic yoke 12, 12" (ilus-
trated 1n FIG. 3) as a result of the drifting motion of the
charge carriers.

In a preferred embodiment, the surfaces of the mag-
net system 12, 12’ that are exposed to the plasma 10
iclude a simple, removable, heatable shield where the
shield can be cleaned outside of the system, and can be
easily remounted. Because the shield can be heated, less
frequent cleaning of the system is required than in the
known methods.

A long plasma zone with microwave energy is sup-
plied to the vacuum structure 1 via an antenna structure
4. The antenna structure can be made as a horn antenna
4, as shown 1n FIG. 3, by which the microwave field 2,
2’ emitted from the waveguide 3 is expanded longitudi-
nally in the direction of the magnet system 12, 12'. At a
larger aperture of the horn antenna 4, illustrated in
FIGS. 1, 2, 3, and 7, a crystal window 11 functions as a
microwave-transmission vacuum seal for the vacuum
chamber 1. The resulting apparatus is well suited to
coating and treating workpieces having complicated,
three-dimensional surfaces.

Three possible embodiments for the microwave
plasma source, in coating systems having a cylindrical-
ly-shaped process chamber 1 are illustrated in FIGS. 1,
4 and 5, in which a rotary cage 8 having planetary
gearings 15, 15, etc. is used to secure the workpieces 9,
9’, 9”, etc. 10 be coated. In one such embodiment, the
plasma source 3 can be inserted into an outside jacket of
a cylindrical base of the process chamber 1 in an axial
direction, as illustrated in FIG. 1. In another embodi- 5
ment, the plasma source 3 is disposed parallel to the
longitudinal axis of the chamber, as illustrated in FI1G. 4.

In yet another embodiment, the plasma source is dis-
posed azimuthally, as 1llustrated in FIG. 5. Placement of
the plasma source in accordance with any of these em- 55
bodiments results in a suitable configuration for an in-
line system. |

In operating the apparatus of the invention, the mi-
crowave source, or transmitter, 2, 2’ (illustrated in FIG.
2) can be operated in either a pulsed or a continuous
mode. In a preferred embodiment, the transmitter 1s
operated 1n a pulsed mode. In a pulsed mode, a gas
exchange that results in a more uniform layer quality
and rate distribution, occurs in the plasma off-times,
particularly at locations that are not reached by the gas
flow in the vacuum chamber 1. For example, locations
can exist on three-dimensional workpieces having com-
plicated shapes that are not reached by the gas flow. To
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produce evenly distributed coatings on workpieces 9,
9’, 9”7, etc., the pulsed mode is preferred.

In a preferred embodiment, a rotary cage 8 is used to
achieve optimum coating results. For example, as illus-
trated in FIG. 6, when the inside surfaces of concave
workpleces 9, 9, 9", etc. are to be coated, the angular
velocities and phases of planetary motion of the rotary
cage 8 and the holding members 15, 15, etc., must be
matched to each other in a specific way, and the plasma
source placed in the outside jacket in an axial direction,
to achieve optimum coating results. To match the plan-
etary motions, the angular velocity wp around the cen-
tral axis and the angular velocity wgaround the inherent
planetary axis measured relative to the cage system
rotating at the angular velocity wp are given by:

Wd_ —p
Wp Z2arccos 3 4 arccos %—-
where
5 =%2- + (R + x)2 1.

FIG. 6 1s a diagrammatic illustration of the values
used in the above expression. To achieve optimal uni-
form coating of the workpieces 9, 9, etc., the phase of
rotation of the holding members 15, 1§/, etc. about their
central axes are chosen such that the greatest area of
projection of the protective coating onto the inside
surface of concave workpieces 9, 9', etc. is maximized
on a plane perpendicular to the coating source direction
at the moment the holding members 15, 15/, etc are
closest to the coating source 10.

When a batch system is used that does not have an
outward transfer chamber, the plasma source can be
arranged along the axis of symmetry of the cylindrical
base of the vacuum chamber 1, as illustrated in FIG. 4.

In another embodiment, the coating process can be
used in an in-line system (not shown). In such an em-
bodiment, the workpieces 9, 9, etc. attached to the
holding members 15, 15/, etc. are not rotated about a
common axis, but rather, are continuously longitudi-
nally conducted through the system by a linear drive. In
such a system, the longitudinal axis of the plasma source
is disposed perpendicularly to the plane through which
the workpieces 9, 9', etc. attached to the holding mem-
bers 15, 1§/, pass.

In a preferred embodiment of the invention, the gas
distribution conduits 17, 17’ are arranged in accordance
with the illustration of FIG. 7. This arrangement yields
the best protective coating layers with the highest pro-
cess reliability. The gas distribution conduits 17, 17’ that
deliver the gas, containing silicon and carbon, to the
vacuum chamber 1 are mounted between the free mag-
net poles 19, 19°. When a second gas, such as oxygen, is
used in addition to a first gas, this gas can be admitted
into the vacuum chamber 1 in the proximity of the
magnetic yoke 12, 12'.

To deposit a uniform coating onto the workpieces 9,
9’, etc., a number of factors must be considered. First,
some of the organosilicon compounds used for the pro-
tective coating and pre-coating processes have very
low vapor pressures at room temperature. In order to
assure a sufficient mass flow for a large-area coating
process, the workpieces 9, 9', etc. must be heated to a
temperature ranging from 70° to 80° C., and must then
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be evaporated 1n a suitable evaporator at these tempera-
tures. Therefore, all monomer conduits that follow the
evaporator downstream must be maintained at exactly
the same temperature as the evaporated gas to be
heated. In order to make the coating more uniform, the
monomer can enter into the process chamber 1 through
the conduits 17, 17’ (illustrated in FIG. 7) used to dis-
tribute the heated gas.

Further, for monomer/process gases that are easily
condensed, such as triftuoromethane or hexamethyl-
disiloxane, the pumping capacity can be selectively
varied within a broad range, using a low-temperature
surface, without the pumping capacity noticeably vary-
- ing for process gases having a low condensation point.
(For example, A900H having a pumping capacity for
HMDSO between 300 and 4200 1/s, given an O, pump-
Ing capacity, of approximately 2000 1/S.) The pumping
capacity is regulated by the temperature of the low-tem-
perature surface and/or by a preceding valve. Such an
arrangement allows for variation of the process gas/-
monomer mixtures and of the gas/monomer-associated
dwell times of the process gases/monomers within the
process chamber 1. Thus, the coating compositions and
properties can be varied within a broad range.

In addition, uniform distribution of the pumping ca-
pacity along the longitudinal axis of the plasma genera-
tor, due to the coupling of the high vacuum pump 6 to
the process chamber 1, provides a uniform gas delivery.
As illustrated in FIG. 1, the pump 6 is connected to the
process chamber 1 via a distributor box 5, as illustrated
in FIG. 1. A uniform gas delivery, through the gas
distribution conduits 17, 17’, and a uniform plasma 10,
form a coating means for uniformly coating the work-
pieces 9, 9, etc. secured to the holding members 15, 15’

The coating means for uniformly coating the work-
pieces 9, 9, etc. secured to holding members 15, 15
(lustrated in FIG. 5) can be sensitively disturbed when
the workpieces 9, 9, etc. are conducted through a coat-
ing zone with a planetary motion. This disturbance is
further pronounced for coating processes performed
under greater pressures. Thus., the more viscous the
plasma flow conditions are, particularly in the coating
zone, the more pronounced the disturbance to the uni-
formity of coating.

Thus advantageously, low process pressures, ranging
from 1X10—4to 1X10—2 mbar, can be achieved with
the microwave ECR plasma source 2, 2’ (illustrated in
FIG. 2). At these pressures, the flow between the
plasma 10 and the workpieces 9, 9', etc. is capable of
becoming nearly molecular. The deposition rate at these
low pressures is satisfactorily high, and the layer quality
is excellent, as verified by measurement. As a result, the
typical narrow boundary conditions for large-area coat-
ing 1n the vacuum chamber 1 are optimized.

Further, a rotary cage 8, having exactly the same
phase and angular frequency as the holding members
15, 15’ (illustrated in FIG. 5), used to secure the work-
pieces 9, 9, etc. to be coated, is especially useful for
producing a uniform spatial rate distribution on three-
dimensional workpieces.

For depositing hard, dense layers onto workpieces 9,
9, etc., (illustrated in FIG. 1) an ion-assisted deposition
process can be used. Depending on the conductivity of
the workpieces 9, 9', etc., an RF, MF, or DC bias supply
can place a positive potential, or bias, on the workpieces
9,9, etc. via the cage 8, where the bias is insulated from
ground, and integrated into the system.
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For dielectric workpieces, the metallization process
can also be used to generate a conductive surface that
simultaneously produces an electrical connection with
the rotary cage. As a result, ion-assisted deposition onto
dielectric workpieces is possible.

A heater that i1s built into the inward transfer chamber
1 serves the purpose of densifying and hardening the
layer being deposited. This heater can raise the temper-
ature of heat-resistant workpieces during the lock con-
ditioning. A holding heater that stabilizes the workpiece
temperature during the coating process is installed in
the process chamber 1. As a result, the walls of the
process chamber 1 and the workpieces 9, 9, etc. (illus-
trated i FIG. 1) are heated contemporaneously with
the holding members 15, 15’ (illustrated in FIGS. 4 and
5). The layers deposited on the walls and the holding
members 15, 15’ adhere well, and only become detached
after the system has been operated for a long time.
Thus, heating the process chamber 1 lengthens the time
interval between cleaning cycles, thereby increasing the
productivity of the system.

The present invention provides a method for coating
workpieces 9, 9', efc. in a vacuum chamber 1 using a
microwave ECR plasma coating source 2, 2’ (Tllustrated
in FIG. 2).

A pre-treatment can be applied to the workpieces 9,
9, etc. in a gas atmosphere composed of a (per) fluori-
dated carbon compound, such as CFj4, at a partial pres-
sure ranging from 0.1 pbar to 1 mbar, and O», at a par-
tial pressure ranging from 0.25 pbar to 1 mbar. In the
embodiment, the microwave power ranges from 100 W
to 1 kW for every 0.5 m of plasma length. The pumping
capacity ranges from 100 1/s to 2000 1/s nitrogen for
every 0.5 m of plasma length. The spacing of the work-
pieces 9, 9, etc. from the plasma source ranges from 2
cm to 1 m. The treatment continues for 10 seconds to 2
minutes. This pre-treatment noticeably increases the
adheston to the workpieces 9, 9', etc. of layers subse-
quently applied thereto, thereby improving the corro-
sion of the resulting workpieces.

A non-coating plasma pre-treatment can be applied to
the workpieces 9, 9', etc. in an oxygenous and/or ni-
trogenous atmosphere. Such a pretreatment can be
achieved by using a process pressure ranging from
2% 10—2to 1 mbar, having a microwave power ranging
from 100 W to 1 kW for every 0.5 m of plasma length,
a pumping capacity between 100 1/s and 2000 1/s oxy-
gen, spacing of the surfaces of the workpiece 9, 9’, etc.
from the plasma ranging from 5 cm to 1 m, treatment
duration ranging from 0.1 to 10 seconds, and process
gases, for example, selected from the groups consisting
of Oy, H2O, N2O, NH3 and Nos.

Such a pre-treatment effects the function of the sur-
faces of the workpieces 9, 9, etc. where functional
groups, such as hydroxyl, carbonyl or amino groups,
are generated on the workpiece surface resulting in
improved adherence to the workpieces 9, 9, etc. of the
subsequently applied layers.

In an embodiment of the method of the invention, the
workpieces 9, 9, etc. are heated to the highest tempera-
ture allowed for the given workpiece material, up to
300° C. The surface of the workpiece can then be lev-
eled by a chemical process.

In a chemical leveling process, a 1-5 um thick PCVD
layer 1s applied to the pre-treated workpieces 9, 9, etc.
thereby leveling the rough surfaces. The advantage of
applying a PCVD layer over lacquers applied in a wet-
chemical process is that PCVD layers can be heat-
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resistant up to 600° C. However, such a leveling process
1s only suitable for workpieces 9, 9', etc. having a high
market value in comparison to the process cost, due to
the long process time required to level the layers. After
a pre-treatment 1s applied to the workpieces 9, 9', etc.,
the workpieces 9, 9', etc. can be coated with protective
coating layers.

The surfaces of the workpieces 9, 9', etc. whether
pre-treated or not, can be coated with an adhesion-pro-
moting layer, vis-a-vis aluminum, 1n a gas atmosphere
consisting of an organosilicon compound, containing
principally silicon, carbon and hydrogen, such as tet-
ramethylsilane or hexamethyldisiloxane, at a partial
pressure ranging from 0.1-10.0 ubar. Alternatively, a
hydrosilicon, such as siliconethane, is mixed with a
hydrocarbon, such as CHs, C;Hj, benzene, or an or-
ganosilicon compound, and an oxygenous gas, such as
N20, where the gas mixture is at a pressure ranging
from 0.1-12.0 pbar. Either embodiment requires micro-
wave power ranging from 200 W to 2 kW for every 0.5
m of plasma length, an additional workpiece bias poten-
tial, which 1s no greater than 100 V, and a pumping
capacity ranging from 600 1/s to 4000 1/s Hexamethyl-
disiloxane for every 0.5 m of plasma length. Further,
spacing between the plasma source and the front work-
piece edge should range from 2-20 cm. The gas compo-
sition should contain silicon, carbon and oxygen, with
greater than 20 at % S, less than 50 at % C, and no less
than 30 at % Oz, with a layer thickness of from 20-800
A.

The purpose of the pre-treatment is to further im-
prove the adhesion of the metal layer to be applied to
the workpieces 9, 9', etc. in the next process step. The
effect of the adhesive layer is significant, particularly
for improving the corrosion-resistance of the layer sys-
tem.

Pre-treatment munimizes exposure of the surfaces of
the workpieces 9, 9', etc. to corrosive agents. Satisfac-
tory adherence of layers to the workpieces 9, 9', etc.
prevents the penetration of aggressive agents, proceed-
ing from either pin windows or mechanical injury to the
layer system, between the aluminum layer and the pre-
coating or the aluminum layer and the workpiece sur-
face resulting from the capillarity of these layers.

Pre-coated workpieces 9, 9, etc. can be metallized
with a metal layer, such as an aluminum layer, of from
700 A to 2 um thick. The metal layer can be applied by
either a vapor-deposition process or a sputtering pro-
cess. For workpieces 9, 9, etc. having complicated,
three-dimensional surfaces, including undercuts that
must be coated, a sputtering gas pressure of more than
6 umbar, using an optimally heavy inert gas within a
reasonable price range, such as crypton, is preferred.

A non-coating plasma after-treatment can be depos-
ited on the metal layer by superficially oxidizing the
metallized layer with plasma in an oxygenous process
atmosphere. Process gasses, such as oxygen, water, and
nitrous oxide, combined with other process gases, such
as helium and argon, can be processed at pressures rang-
ing from 0.1 pbar to 1 mbar. The pumping capacity
ranges from 300 to 2000 1/s oxygen for every 0.5 m of
plasma length. The process is no more than 1 minute in
duration. The process improves the abrasion resistance
of the metal layer.

A protective coating can be applied to the work-
pieces 9, 9, etc. by coating the previously metallized
- workpieces in a further PCVD process. An organosili-
con gas compound containing silicon, carbon, oxygen
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and hydrogen, such as hexymethyldisiloxane
(HMDSO), tetramethyldisiloxane (TMDS), tetrame-
thylcyclotetrasiloxane, or tetraethoxysilane (TEOS), 1s
applied at a partial pressure ranging from 0.1 to 10 ubar.
Such a gas can contain oxygen at a partial pressure
ranging from 0 to 9.9 ubar, or hydrosilicon, such as
monosilane, at a partial pressure ranging from 0.1 to 6
ubar, an oxygen carrier, such as nitrous oxide (N,O) at
a partial pressure ranging from 0.1 to 9.9 ubar, and a
hydrocarbon, such as hexane or an organosilicon com-
pound, at a partial pressure ranging from 0.5 to 8 ubar.
Addzitionally, the microwave power ranges from 200 W
to 2 kW for every 0.5 m of plasma length. An additional
workpiece bias of no more than 600 V is applied. The
pumping capacity ranges from 600 1/s to 2000 1/s nitro-
gen and from 300 1/s to 4000 1/s hexamethyldisiloxane
for every 0.5 m of plasma length. The workpiece can be
spaced from 2 to 20 cm from the plasma, where the
desired layer thickness ranges from 80 to 1000 A. The
resulting layer contains oxygen, silicon and carbon.
Proportions of these elements are greater than 20 at %
oxygen, greater than 20 at % silicon, and 30 to 60 at %
carbon.

In corrosion tests, such a protective-coating layer has
approximately twice the corrosion-resistance of the
protective-coating layers manufactured with the previ-
ously known method, as discussed below.

The protective-coated workpieces 9, 9', etc. can be
further coated with a fluoridated top layer, or alterna-
tively, a fluoridated protective coating by a further
PCVD process. Such a coating can be achieved in a gas
of an organosilicon compound containing silicon, car-
bon, oxygen and hydrogen, such as tetramethyldisilox-
ane, or tetraethyloxysilane, at a partial pressure ranging
from 0.1 to 10 ubar, or in a2 mixture composed of a
hydrostlicon, such as silicoethane, at a partial pressure
ranging from Q.1 to 10 ubar, an oxygen carrier, such as
N2O, at a partial pressure ranging from 0 to 9.9 bar, and
a (per) fluoridated gas, such as tetrafluoromethane,
hexafluoropropylene, or a fluoridated organosilicon
compound, such as methyltrifluorosilane, with the op-
tional addition of oxygen at a partial pressure ranging
from O to 9.9 pubar. A microwave source is delivered
with power ranging from 200 W to 2 kW for every 0.5
m of plasma length. An additional bias of no greater
than 200 V, is applied to the workpiece. The pumping
capacity ranges from 600 1/s to 2000 1/s nitrogen and
between 300 1/s and 4000 1/s hexamethyldisiloxane for
every 0.5 m of plasma length.

‘The workpiece 1s spaced 2 to 20 cm from the plasma
source. A desired layer thickness is in the range of 80 to
1000 A.

The purpose of this top layer is to improve the corro-
sion-resistance and the optical properties of the protec-
tive layer. The corrosion-resistance of the protective
layer 1s improved by producing a chemically inert pro-
tective layer. The optical properties of the protective
layer are itmproved by lowering the resulting refractive
index of the workpieces 9, 9, etc. and improving the
reflection of the workpieces 9, 9, etc. with the introduc-
tion of fluorine.

A hydrophilic top layer, having an optimally oxygen-
rich organosilicon compound, is applied to the protec-
tive-coated workpieces 9, 9’, etc., such as TEOS or
HMDSO. The top layer is applied at a partial pressure
of from 0.1 to 2 pbar, or by applying a hydrosilicon,
such as monosilane, at a partial pressure of from 0.1 to
S ubar, with oxygen at a partial pressure ranging from 1
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to 10 ubar, and HO at a partial pressure of from 1 to 15
pbar. A microwave source having power ranging from
100 W to 2 kW for every 0.5 m of plasma length is
delivered to the plasma. An additional workpiece po-
tential of no more than 200 V is applied. A pumping
capactty ranging from 600 1/s to 2000 1/s nitrogen and
ranging from 300 1/s to 2000 1/s hexamethyldisiloxane is
chosen, where the pumping capacity can be selectively
varied for readily condensed monomers, for every 0.5 m
of plasma length. The workpieces 9, 9', etc. are spaced
2 10 30 cm from the plasma source. A layer thickness of
up to 2 um is desired, through 50A is the preferred layer
thickness. |

The hydrophilic top layer is applied to cover the
corrosion-resistant fluoridated top layer, that is gener-
ally not hydrophilic, with a hydrophilic layer. Drops of
condensed water that collect on the hydrophilic surface
run within a short time, and unite to form a closed water
film. This closed water film does not effect the optical
function of the inside reflector surface in contrast to a
number of drops of condensed water being placed in
close proximity to each other.

By reducing or eliminating the phase boundary air/-
water/protective layer, corrosion resistance of the layer
packet is increased, and thus, a lengthened service life
resuits.

A S1C or SiCO protective coating, produced accord-
ing to the protective coating process described above,
can also be superficially oxidized by a plasma treatment
in an oxygenous atmosphere. As above, a process gas,
such as Oy or N2O, at a pressure ranging from 1 10—4
to 1 mbar, with an additional bias of less than 800 V, is
applied to the workpieces 9, 9, etc. in the system. The
process further requires a pumping capacity of 400 to
2400 1/s oxygen for every 0.5 m of plasma length, and a
microwave source 2, 2’ having power of from 500 W to
3.5 kW for every 0.5 m of plasma length. The front
edges of the workpieces 9, 9, etc. are spaced from 20 cm
to 40 cm from the plasma source.

A catalytic effect can be achieved for the PCVD
coatings of the leveling layer step, adhesion promoting
layer step, protective coating layer step, fluoridated
protective coating step, and hydrophilic top layer step.
The catalytic effect is achieved by admixing metals in
the form of metal halogenides, such as tungsten hexaflu-
oride or a metallo-organic, with the process gas. The
metallo-organic can be diethylzinc or iron-pentacar-
bona. The PCVD coating can also be applied to the
- workpieces 9, 9, etc. by simultaneous evaporation or
cathode sputtering of metals, such as platinum or cop-
per, together with water, steam, and/or oxygen. For
instance, the addition of copper catalytically effects the
compounding of silicon and carbon.

The present invention provides numerous advan-
tages. The resultant workpieces have a longer service
life than workpieces processed by the known methods.
The results of the corrosion test carried out on motor
vehicle reflectors, according to FIAT standard 5.00435,
advantageously show that the parts coated in accor-
dance with the method disclosed herein typically have
a service life that is three times longer, even where the
parts are manufactured in a batch process, than parts
manufactured according to the traditional method.
Where the addition of a bias voltage is applied to the
workpiece surface, and the workpiece temperature is
maintained at a minimum of 70° C., the already highly
smear-resistant layers can achieve an even higher den-
sity, corrosion-resistance, and abrasion-resistance.
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Additionally, as the process can produce workpieces
having extremely high corrosion-resistance, the thick-
ness of the layers can be reduced to as much as 100 A.
Thus, a thickness of approximately one-third the layer
thicknesses achieved with the known process can be
achieved with the present invention. Advantageously, a
workpiece of this thickness has both greater reflectivity,
and optical clarity.

Finally, the coating process can be continuously op-
erated using the apparatus herein disclosed. Thus, the
apparatus can be integrated in throughput systems to be
continuously, and cost-beneficially, operated. Further,
the contamination of the process chamber walls, the
process atmosphere, and ultimately, the workpiece sur-
faces, with fine dust particles that occurs when flooding
the process chamber, 1s noticeably reduced as compared
to the contamination produced by the traditional
method using a DC-PCVD. Thus, the inventively man-
ufactured layers can grow largely free of corrosive
prone packets, and the service life of the system is no-
ticeably lengthened, compared to the service life of the
known process, and initially only reqguires cleaning in
the 1mmediate vicinity of the plasma generator. The
remaining portions of the process chamber, including
the rotary cage, need not be cleaned, in contrast to the
known process, which requires more frequent, and
therefor costly, cleaning procedures.

Moreover, the microwave ECR plasma coating
source allows for pressures on the order of 1 ubar to be
obtained while treating or coating large areas. Typi-
cally, these areas have dimensions in the range of a
meter. Spacings between the holding members and the
sides of the vacuum chamber usually range from 20 cm
to approximately 1 meter. Reproducible conditions
relating to the local flow conditions, local dwell times,
and local partial pressure conditions of the gaseous
ducts used, and their gaseous products, relate specifi-
cally to the amount of fine-dust generated by the vol-
ume polymerization. In most cases, these conditions can
only be achieved when it is possible to work in the
molecular, or at least weakly viscous, pressure range in
a large-scale system. The systems under discussion here
typically have an average free path length of at least 30
cm. This path length corresponds to pressures on the
order of 1 ubar. Pressures within this magnitude cannot
be achieved with a DC-PCVD process.

Still further, the resulting layer thickness is advanta-
geously uniform. For example, given a partial pressure
ratio between an organosilicon compound, such as
TEOS or HMDSO, and oxygen of approximately 1:3,
with a total pressure of approximately 1 wbar, results in
a uniform layer thickness of 1:1.1, with reference to the
layer thickness in the apex, at the outermost edge and
within a depth of approximately 30 cm, for a statically
coated parabolid. At noticeably higher pressures and
lower oxygen content, the uniformity of layer thickness
is still 1:2.

The effect of the above-described pre-treatment and
pre-coating on the resulting workpiece has been demon-
strated by the tests set forth below.

In one test, a base reflector, approximately two
months old, having a base lacquer that was heavily
contaminated with dust, as a result of poor storing con-
ditions, was pre-treated with the above-described mi-
crowave plasma source in an atmosphere containing
fluorine, carbon, and oxygen. The pre-coat included a
SiC:H or SiCO:H layer. The base reflector was metal-
lized and protective-coated with a SiCO:H protective
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layer. A set of parameters are listed in the example
below. A second reflector was also contaminated and
processed in the same manner, but without the pre-
treatment and the pre-coating. Both specimens were
tested with respect to their corrosion-resistance in a
caustic soda test, conforming to the afore-mentioned
FIAT standard. The metallized reflector, without pre-
treatment, resisted corrosion for only 15 minutes. On
the other hand, no corrosion was detected on the pre-
treated reflector, even after a testing time of more than
15 hours.

To prepare the workpiece on which the corrosion
test 1s performed, an LH system A900H—batch system,
0.9 m in diameter, having a rotary cage, microwave
source, and horn antenna axially installed in the outside
wall of the vacuum chamber, is filled with pre-lac-
quered, three-month old motor vehicle headlight reflec-
tors as workpieces. The workpieces are neither stored
in a dust-free atmosphere, nor pre-cleaned. The follow-
ing parameters are used to fabricate the test workpiece:
A pumping capacity of 2000 1/s Nj, and 3000 1/s
HMDSO, basic background pressure of 1X 10—% mbar,
a partial pressure of 1.00 ubar for TMS, a microwave
power source of 1 kW, and a cage speed of 10 rpm for
a one minute coating duration, are applied to the system
while the vacuum pump background is down to a basic
background pressure. An aluminum layer is applied by
vapor-deposition to provide a layer, approximately
1500 A thick, at a partial pressure of 0.2 ubar, with a
microwave source delivering 1 kW of power, a cage
speed of 10 rpm, and a coating duration of three min-
utes. The chamber is then flooded.

The corrosion test is then performed on the test batch
n 0.29% NaOH solution. Using the above-described
procedure, such a test was performed on five coated
reflectors. After 15 hours of testing, corrosion could not
be found with the naked eye on any of the five coated
reflectors. In addition, a damp heat test was performed
at 40° C. Corrosion could not be found on any of the
reflectors after six weeks. In testing the reflectivity of
the reflectors, 85% of the reflectors were in the spatial
and spectral mean, 400-750 nm.

Another test batch, having the same system arrange-
ment and workpieces as above, and a partial pressure of
HMSO, 0.25 ubar, where the partial pressure of oxygen
1s 1.0 pbar, a static coating is delivered via a microwave
source of 1 kW. A subsequent measuring of the rate
distribution within the reflectors yields 1.2:1.0, as the
ratio of the layer thicknesses at the edge placed closest
to the source. Conducting a rotary past the coating
source cage results in a rate distribution within the re-
flectors yielding 2.3:1.0, as the ratio of the layer thick-
ness at the edge placed closest to the source.

In another test batch, the above-system included
TEOS at a partial pressure of 0.1 pwbar O; at a partial
pressure of 4 ubar, and H;0 at a partial pressure of 4
mbar. Measuring the resulting contact angle when
water 15 applied to the test workpiece resulted in a
contact angle of at most 15°.

In a further test batch, the above system is followed
through the application of the aluminum layer. Subse-
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quent to the application of the aluminum layer, a protec-
tive coating layer is applied with HMDSO at a partial
pressure of 100 mbar, CF4 at a partial pressure of 0.2
pubar, and at a cage speed of 10 RPM. A 10 kW micro-
wave source 1S delivered, and a pumping capacity of
700 1/s HMDSO and 1000 1/s CF4 is used for a time
coating duration of 160 s. The chamber is then flooded.

The reflectivity of a test batch reflector tested after
applying these parameters was 88% within a spectral
mean of 400-750 nm. The corrosion-resistance im-
proved by 23%, compared to test batches not having a
fluoridated protective coating applied.

Although other modifications and changes may be
suggested by those skilled in the art, it is the intention of
the inventors to embody within the patent warranted
hereon all changes and modifications as reasonably and
properly come within the scope of their contribution to
the art.

We claim:

1. An apparatus for producing layers of arbitrary
thickness on a surface, to be operated as a batch system
using a plasma chemical vapor deposition coating pro-
cess comprising:

a) a vacuum chamber:

b) a rotary cage, having a number of holding mem-
bers rotatably secured to the rotary cage, arranged
in the vacuum chamber such that the rotary cage is
capable of rotation with a frequency-matched and
phase-matched planetary motion with respect to
the holding members, the rotary cage being
adapted to secure workpieces thereto;

c) a microwave ECR plasma coating source, includ-
ing a microwave field operated at a frequency
ranging from 1 MHz to 2.45 GHz; and

d) means for supplying gas to and removing gas from
the vacuum chamber including a plurality of
heated gas distribution conduits for carrying pro-
cessed gases, the heated gas distribution conduits
being mounted between a plurality of free magnet
pulls in the vacuum chamber.

2. The apparatus of claim 1 further comprising:

a microwave transmitter for generating plasma oper-
ated 1 a pulsed mode.

3. The apparatus of claim 1 further comprising:

a microwave transmitter for generating plasma oper-
ated 1n a continuous mode.

4. The apparatus of claim 1 further comprising:

a high vacuum pump, having a selectively variable
pumping capacity, connected to the vacuum cham-
ber.

S. The apparatus of claim 4 further comprising:

a controllable valve for selectively varying pumping
capacity of the high-vacuum pump.

6. The apparatus of claim S wherein the controllabie

valve precedes the high-vacuum pump.

7. The apparatus of claim 1 further comprising:

a bias supply for applying a potential voltage to the
surface of the workpiece by means of the rotary

cage insulated vis-a-vis ground.
X ¥ * x x
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